Abstract A boundary layer analysis is presented for the fluid flow and heat transfer characteristics of an incompressible micropolar fluid flowing over a plane moving surface in parallel or in reverse to the free stream. The isothermal boundary condition has been treated in this paper. The resulting system of non-linear ordinary differential equations is solved by the multi-stage continuous Runge-Kutta method with shooting techniques. Numerical results are obtained for the velocity, angular velocity and temperature distributions. The results indicate that micropolar fluids display drag reduction and heat transfer reduction characteristics. 
Nomenclature
w Y I = wall temperature, free stream temperature e w = Reynolds number, Introduction Boundary-layer behavior over a moving continuous solid surface is an important type of flow occurring in several engineering applications, for example, the aerodynamic extrusion of plastic sheets, the cooling of a metallic plate in a cooling bath, the boundary layer along material handling conveyers, and the boundary layer along a liquid film in condensation processes. In view of these applications, Sakiadis (1969) initiated the theoretical study of boundary layer on a continuous semi-infinite sheet moving steadily through an otherwise quiescent fluid environment. An experimental and theoretical treatment was made for the flow past a continuous flat surface by Tsou et al. (1967) who determined heat transfer rates for certain values of the Prandtl number. Choi (1982) considered the axisymmetric boundary layer flow generated by a moving, continuous, hot cylinder of infinite length issuing from a slot into stagnant air at uniform temperature. Karwe and Jaluria (1986) carried out a numerical and analytical study of the transport process arising due to the movement of a continuous heated body. Abdelhafez (1989) and Chappidi and Gunnerson (1989) studied the boundary layer flow on a continuous flat surface, where both the free stream and plate velocities are constant and are moving in the same direction. Afzal et al. (1993) considered the momentum and heat transfer on a continuous flat surface moving in a parallel stream by using a composite velocity of the free stream and wall velocities. Kumari and Nath (1996) investigated the momentum and thermal boundary layers over a semiinfinite flat plate when the external stream as well as the plate is impulsively moved with constant velocities. Lin and Hung (1994) studied the flow and heat transfer of a plane surface moving in parallel and in reverse to the free stream. All the above investigations were restricted to Newtonian fluid. Due to the increasing importance in the processing industries and elsewhere of materials whose flow behavior in shear cannot be characterized by Newtonian relationships, a new stage in the evolution of fluid dynamic theory is in progress. Hoyt and Fabula (1984) , and Vogel and Patterson (1964) conducted experiments with fluids containing minute amounts of polymeric additives. These experiments indicated that fluids with additives display a reduction in skin friction near a rigid body. The Newtonian fluid mechanics cannot explain this phenomenon. Therefore, Eringen (1966) has proposed the theory of micropolar fluids taking into account the inertial characteristics of the substructure particles, which are allowed to undergo rotation. This theory can be used to explain the flow of colloidal fluids, liquid crystals, animal blood, etc. Eringen (1972) extended the micropolar fluid theory and developed the theory of thermomicropolar fluids. The boundary layer concept in such fluids was first studied by Peddieson and McNitt (1970) and Wilson (1970) . Mathur et al. (1978) studied steady thermal boundary-layer flow past a circular cylinder whose axis is placed normal to an oncoming free stream of an incompressible micropolar fluid. Gorla (1983) investigated the steady boundary layer flow of a micropolar fluid at a two-dimensional stagnation point on a moving wall. Hassanien and Gorla (1990) investigated the heat transfer characteristics of a steady, incompressible, micropolar fluid flowing past a non isothermal stretching sheet with suction and blowing. Gorla and Hassanien (1990) analyzed the boundary layer flow of a micropolar fluid in the vicinity of an axisymmetric stagnation flow on a moving cylinder.
The present work was undertaken in order to study the flow and heat transfer of the micropolar fluid on a plane surface moving in parallel and in reverse to the free stream. The development of the velocity, angular velocity and temperature distributions have been illustrated for several values of Á and $.
Analysis
Consider a steady, laminar, incompressible, micropolar fluid flow over a plane surface, which is moving in a parallel or reverse to a free stream of a uniform velocity u I . The plane surface is assumed to move with a uniform velocity of u w and is maintained at a constant temperature w . Assume the surface and the free stream are at the same temperature or with small temperature difference so that the buoyancy effect on flow is negligible. The physical properties of fluid are assumed to be constant.
Under the assumption of the boundary layer, the governing equations, as given by Eringen (1966; 1972) may be written as:
With boundary conditions
In the above equations, x and y are coordinates parallel and normal to the plate respectively; u, v are the velocity components in x and y directions respectively; N is the angular velocity; T is the temperature; #Y k and are the kinematic, rotational and gyro viscosity coefficients respectively; j is the microinertia per unit mass and is the thermal diffusivity of the fluid. A comment will be made on the boundary condition of microrotation at the wall as given by the equation: N (x, 0) = n du dy . When n = 0, we obtain N(x, 0) = 0. This represents the case of concentrate particle flows in which the microelements close to the wall are not able to rotate. The case corresponding to n=1/2 results in the vanishing of the antisymmetric part of the stress tensor and represents weak concentrations. The particle spin is equal to fluid vorticity at the boundary for fine particle suspensions. The case corresponding to n = 1 is representative of turbulent boundary layer flows. Thus, for n = 0 particles are not free to rotate near the surface, whereas, as n increases to 0.5 and 1, the microrotation term gets augmented and induces flow enhancement. In this paper, we have considered the case corresponding to n = 0 only.
Proceeding with the analysis, we define the following transformations:
Equations (2), (3) and (4) are transformed in terms of the variable as:
The transform boundary conditions are given as:
In the above equations, a prime denotes differentiating with respect to .The equations (5-7) together with the boundary conditions (8) and (9) are solved numerically by using the multi-stage continuous implicit Runge-Kutta method with Shooting method.
Method of solution
Initial value problems arise in many applications in engineering fluid mechanics. Several schemes are proposed to solve such problems. For a survey of methods, we refer to the work of Alexander (1977) and El-Gendi (1969) . In this paper, we address the question of numerical solution of stiff system of ordinary differential equations (ODEs 
The main aim of this method is to find approximate for t 
À Á and lk is the kronecker delta. By differentiating b 1 with respect to we obtain
From (11), (14), (15) 
We may now write y t y t i t t i z s dsY z t f tY y t suppose thatỹt is the approximation of yt and z t il f t il Yỹ t il l I I )
The method is similar to the implicit Runge-Kutta method of numerical integration.
Discussion
The numerical results for the velocity and temperature fields are obtained for ! 1X5, B = 0.01, pr = 0.7, Á ranging from 0 to 4.5 and $ ranging from 0 to 1.
The wall shear and couple stresses are written as
The Nusselt number can be written as increases the magnitude of angular velocity also increases. Figures 7-9 describe the temperature distributions within the thermal boundary layer for moving surface in parallel to free stream. The temperature distributions become more uniform within the thermal boundary layer as the material parameter Á decreases. Figure 10 shows the velocity distribution for moving surface in reverse to free stream. The velocity distribution becomes more uniform within the boundary layer as the material parameter Á decreases. The thickness of boundary layer increases with the material parameter Á. Figure 11 indicates that the magnitude of angular velocity decreases as the material parameter Á increases for moving surface in reverse to free stream. Figure 12 displays the temperature distribution for the moving surface in reverse direction to the free stream. The temperature takes more uniform shape with increasing value of the material parameter Á. As the material parameter Á increases, the thickness of the thermal boundary layer increases.
The missing values of the velocity, angular velocity and thermal functions for the parallel state are contained in Table I but for the reverse state in Table II . The results in Table I indicate that the friction factor and the heat transfer rate decrease as the material parameter Á increases. The results show that the wall couple stress decreases with increasing values of the material parameter Á. The results for the reverse flow in Table II show that the friction factor is not sensitive to Á. As the material parameter Á increases the wall couple stress decreases whereas the heat transfer rate increases at $ = 0.0 but decreases at $ = 0.05, 0.1. We may note that Á = 0 case corresponds to Newtonian fluids. By comparing the Newtonian fluid data with micropolar fluid data, from these tables, we observe that micropolar fluids display reduced drag and heat transfer rate. 
Concluding remarks
The theory of micropolar fluids due to Eringen is used to formulate a set of equations for the micropolar fluid flow and heat transfer in a parallel or reverse to a free stream. We have considered isothermal boundary condition in this paper. The governing boundary layer equations are solved numerically. The development of the temperature, the velocity and angular velocity distributions has been illustrated. A discussion is provided for the effect of the material 
